ABSTRACT: Arctic charr Salvelinus alpinus production facilities, nonproduction water sources and effluents in the United States and Canada were sampled to determine if chlamydiae associated with epitheliocystis were present in water and were associated with inclusions of epitheliocystis in gill tissue. Gills from 607 fish from 13 sites were processed for histopathologic examination and DNA extraction. Water was collected from 21 locations for DNA testing. Eighteen fish from one location had inclusions of epitheliocystis with proliferative and inflammatory gill lesions. Inclusions were stained using the Gimenez technique and, at the ultrastructural level, consisted of intracytoplasmic membrane-bound vacuoles containing reticulate and intermediate bodies in a fibrillar matrix. PCR using Order Chlamydiales-specific primers performed on DNA extracts from 12 of 13 infected fish yielded amplicons that were identical to (GQ302988) or differed at one base from (GQ302987) the 16S ribosomal RNA gene signature sequence of 'Candidatus Piscichlamydia salmonis', which is the chlamydia that was previously identified in epitheliocystis inclusions of farmed Atlantic salmon. In situ hybridization using a ~1.5 kb riboprobe corresponding to the 'Candidatus Piscichlamydia salmonis' 16S rRNA genetic sequence (AY462244) confirmed its presence within Arctic charr gill inclusions. DNA isolated from water samples was tested by Chlamydiales-specific PCR and yielded 54 partial 16S rRNA genetic sequences spanning the signature region; however, no 16S rRNA genetic sequences associated with epitheliocystis were identified. This is the first report of 'Candidatus Piscichlamydia salmonis' associated with epitheliocystis in Arctic charr, the first identification of 'Candidatus Piscichlamydia salmonis' from a freshwater production location, and the first reported occurrence in North America.
INTRODUCTION
Epitheliocystis is an infectious disease that causes morbidity and mortality in cultured freshwater and marine finfish. It was first identified by Hoffman et al. (1969) in bluegill Lepomis macrochirus, and has since been described worldwide in > 50 freshwater and marine fish species, including many ornamental and commercially relevant species (Wolke et al. 1970 , Paperna 1977 , Zachary & Paperna 1977 , Rourke et al. 1984 , Bradley et al. 1988 , Lewis et al. 1992 , Groff et al. 1996 , Nylund et al. 1998 , Crespo et al. 1999 , Draghi et al. 2004 , 2007 , Kim et al. 2005 , Nowak & LaPatra 2006 . Under aquaculture conditions, disease associated with epitheliocysts has been reported in a number of species (Paperna 1977 , Crespo et al. 1990 , Groff et al. 1996 , Nylund et al. 1998 , Goodwin et al. 2005 , Kim et al. 2005 , Draghi et al. 2007 ). Typically, branchial epithelial cells are affected, but infections of the epidermis and other tissues have been reported (Hoffman et al. 1969) . Epitheliocystis is morphologically characterized by hypertrophy of gill and skin epithelial cells that contain large, membrane-bound, basophilic, granular, cytoplasmic inclusions. The response of the host gill tissue can range from no reaction by the surrounding branchial epithelium, i.e. nonproliferative response (Paperna & Alves de Matos 1984 , Zimmer et al. 1984 , Langdon et al. 1991 , Groff et al. 1996 , Crespo et al. 1999 , Draghi et al. 2004 ) to a hyperplastic reaction characterized by epithelial cell proliferation and fusion of lamellae, i.e. proliferative response (Paperna 1977 , Paperna & Alves de Matos 1984 , Crespo et al. 1990 , Frances et al. 1997 , Nylund et al. 1998 , Nowak & Clark 1999 , Szakolczai et al. 1999 , Draghi et al. 2004 , 2007 . This severe form of the disease is similar to what has been termed as proliferative gill inflammation (PGI) in Atlantic salmon (Kvellestad et al. 2005 ). PGI appears to be a multifactorial condition. The presence of epitheliocystis inclusions in Atlantic salmon concurrent with infections by Trichodina sp. and virus-like particles (Nylund et al. 1998) , paramyxovirus (Kvellestad et al. 2005) , or poxvirus , as well as the presence of epitheliocystis inclusions in cultured pacu Piaractus mesopotamicus co-infected with Trichodina sp. and Gyrodactylus sp. (Szakolczai et al. 1999) , have only further obfuscated the causal relationship between epitheliocystis and proliferative and inflammatory host tissue reactions.
Since its initial identification, the etiology of epitheliocystis was thought to be a chlamydia-or rickettsialike bacterium (Hoffman et al. 1969 , Paperna 1977 , Zachary & Paperna 1977 , Rourke et al. 1984 , Crespo et al. 1999 . Histological, ultrastructural and antigenic studies have described chlamydia-like staining characteristics and biphasic life stages that indicate infection by chlamydiae (Wolke et al. 1970 , Rourke et al. 1984 , Groff et al. 1996 , Nylund et al. 1998 , Crespo et al. 1999 , Nowak & Clark 1999 , Draghi et al. 2004 , 2007 . There are reports of positive labeling with antichlamydial lipopolysaccharide (LPS) antibodies (Groff et al. 1996 , Draghi et al. 2004 , 2007 , Meijer et al. 2006 , although in some instances, these group-specific chlamydial antibodies failed to label life forms (elementary and reticulate bodies) that are typical of the Chlamydiae (Langdon et al. 1991 , Crespo et al. 1999 , Nowak & Clark 1999 , Meijer et al. 2006 , Nowak & LaPatra 2006 . Recently, Draghi et al. (2004) identified a novel chlamydia associated with epitheliocystis in marine farmed Atlantic salmon Salmo salar and proposed the name 'Candidatus Piscichlamydia salmonis'. Various investigators have identified and characterized still other chlamydiae associated with epitheliocystis. Meijer et al. (2006) , using archived formalinfixed paraffin-embedded (FFPE) tissue, identified Order Chlamydiales sequences in the leafy seadragon Phycodurus eques, silver perch Bidyanus bidyanus and barramundi Lates calcarifer, and used 16S sequence end-labeled DNA probes and immunocytochemistry to localize chlamydial genetic sequences and antigenic features to epitheliocystis inclusions. More recently, Draghi et al. (2007) identified a Neochlamydia sp. associated with epitheliocystis in the Arctic charr Salvelinus alpinus, and Karlsen et al. (2008) identified another novel chlamydia associated with epitheliocystis in salmonid fish from fresh water. This agent, 'Candidatus Clavochlamydia salmonicola', is proposed to be a novel member of a novel genus within the Family Chlamydiaceae by 16S rRNA genebased phylogenetic analysis and has head-and-tail forms that were described previously in other salmonids infected with chlamydiae associated with epitheliocystis (Bradley et al. 1988 , Draghi et al. 2004 ). These results suggest that epitheliocystis is associated with a diverse number of chlamydiae that may or may not be host-specific. Environmental chlamydiae, e.g. Parachlamydia and Neochlamydia spp., can infect and replicate within protistan hosts, such as Acanthamoeba spp. and Hartmannella spp. (Amann et al. 1997 , Everett et al. 1999 , Corsaro et al. 2002 , Collingro et al. 2005 ; this suggests that the water column and its associated protistan fauna may serve as a reservoir of chlamydial agents of epitheliocystis. Order Chlamydiales 16S rRNA genetic sequences have been amplified from many aquatic environments, including activated sludge and marine lake sediments in Antarctica (Corsaro et al. 2002) , and several genetic sequences of chlamydiae have been amplified from freshwater ponds , Corsaro & Venditti 2004 , Collingro et al. 2005 , Corsaro & Greub 2006 . Given the association of several members of the Order Chlamydiales with epitheliocystis and the implication of amoebae as a possible reservoir of infection, a next logical step would be to identify these chlamydiae from the water column and determine whether resident fish are infected with these same chlamydiae.
The use of 16S and 23S rRNA sequence data has allowed the reorganization of the Order Chlamydiales and has been exploited in amplification-based assays for identification of microbial pathogens (Engel & Ganem 1987 , Everett & Andersen 1997 , Palys et al. 1997 , Pettersson et al. 1997 , Everett et al. 1999 , Horn & Wagner 2001 , Draghi et al. 2004 , 2007 , Corsaro & Greub 2006 , Meijer et al. 2006 . The objective of this study was to identify, then compare 16S rRNA genetic sequences amplified from Arctic charr with inclusions of epitheliocystis and those amplified from farm water supplies, farm effluents and non-aquaculture sources in order to determine an association between chlamydiae of epitheliocystis and environmental locations of chlamydiae.
MATERIALS AND METHODS
Gill and water samples. Gill and water samples were collected from 13 Arctic charr farms in the USA (5 farms) and Canada (8 farms) between 1 May 2005 and 30 September 2005. Farms were chosen to represent a wide geographic area and were located in the northeast and northwest USA, and eastern and central Canada. The total number of farms and fish sampled was determined by the availability of time for farm visits, and financial resources for histology, electron microscopy, molecular assays, and travel.
During each farm visit, information about water supply characteristics and previous history of gill disease of bacterial etiology was recorded. Unless the owner or manager requested that a smaller number be sampled, gill tissues from 50 fish were collected. To increase the probability that chlamydiae would be detected, if present, Arctic charr > 6 mo old and/or with clinical signs of gill disease or a previous history of fish health problems were preferentially sampled. Charr were euthanized by immersion in 250 mg l -1 MS-222 (tricaine methanesulfonate, FINQUEL, Argent Chemical Laboratories). A 15 mm piece of the left first gill arch was fixed in neutral buffered 10% formalin and a 3 mm piece was placed in Qiagen ATL tissue lysis buffer (Qiagen), for use if formalin-fixed tissues did not yield amplifiable DNA in subsequent PCR experiments. At each farm, 1 l of water was collected from the water supply as it entered the culture units. Effluent was also collected if accessible; otherwise, a sample was collected directly from a culture unit. Water was also collected from 8 locations for which no matching fish tissues were collected. Four of these sites were not fish farms. All samples (on wet ice) were sent by overnight courier to the Connecticut Veterinary Medical Diagnostic Laboratory (Storrs, CT) and processed for DNA extraction upon arrival.
Histopathology. Formalin-fixed gill samples were trimmed, processed routinely for embedding in paraffin, and sectioned at 4 µm. All gill sections were stained with hematoxylin and eosin (H&E) (Sheehan & Hrapchak 1980) . Gill sections were examined by light microscopy, and additional sections were cut from blocks with evidence of epitheliocystis inclusions. Gill sections were then stained using the Gimenez (PVK modification) technique (Gimenez 1964 , Culling 1974 , which was previously shown to highlight epitheliocysts in Arctic charr (Draghi et al. 2007) .
Transmission electron microscopy. Tissues with histologic evidence of epitheliocystis inclusions that amplified chlamydial 16S rRNA genetic sequences were selected for examination by transmission electron microscopy (TEM). All tissues for TEM were processed via a rapid microwave technique (Giberson et al. 1997 (Giberson et al. , 2003 ) using a microwave processor (Pelco Model 3441), 3430 microwave power controller, 3420 microwave load cooler, a vacuum chamber and a cold spot water recirculation system (Ted Pella). Paraffin blocks that were originally used for histochemical and molecular studies were deparaffinized using xylene, then rehydrated through a descending gradient of ethanol. Tissues were trimmed to fit flat-bottom BEEM capsules (Electron Microscopy Sciences). The series of processing steps included aldehyde fixation in McDowell Trump's fixative, i.e. 4% formaldehyde and 1% glutaraldehyde in a buffer of 176 mOsm l -1 (McDowell & Trump 1976) , under 25 mm Hg at 37°C, using 450 W of power for 40 s. Tissues were rinsed in 0.1 M HEPES buffer, then post-fixed in cold 1% OsO 4 in 0.1 M HEPES buffer under 25 mm Hg vacuum at 37°C; this step was conducted at 100 W for 2 min each of successive power on, off, and on. Tissues were rinsed in 0.1 maleate buffer (pH 5.2) at 37°C under no vacuum, using 250 W for a 1 min hold, 40 s pause, and 3 min hold; this step was repeated twice. En bloc uranyl acetate staining was conducted twice with cold 1% uranyl acetate in 0.1 M maleate buffer under 25 mm Hg pressure at 37°C, using 100 W for 2 min each of successive power on, off, and on. Dehydration was conducted through an ascending gradient of alcohol (50, 70, 95 and 100%) under no vacuum at 37°C and 300 W for 40 s. LR White resin (medium grade, London Resin) infiltration was conducted twice with 3:1 ethanol:LR White resin at 25 mm Hg pressure, 45°C, and 450 W for 5 min, then 3 times with 1:1 ethanol:LR White resin, and 3 times with 100% LR White resin. Resin polymerization was conducted with the BEEM capsules submerged in water at 800 W for 10 min at 60°C, 10 min at 70°C and 20 min at 80°C. Total time of tissue processing was ~4 h. Ultrathin sections were stained with 1% lead citrate and viewed using an electron microscope (Philips) at 80 kV.
DNA extraction. Water: Water was filtered through a nylon filter (0.2 µm, Nalgene Nunc International) under vacuum. The membrane was cut aseptically from the filter apparatus with sterile disposable scalpel blades, placed in a 15 ml conical tube with 10 ml sterile 1× phosphate buffered saline (PBS) and vortexed for 3 min. The membrane was removed, the conical tube was centrifuged at 9200 × g (Eppendorf 5810 R centrifuge, Eppendorf AG) at 4°C for 30 min, and the supernatant was removed. DNA was then extracted from the resulting pellet using the DNeasy tissue kit (Qiagen). The pellet was lysed with 180 µl Qiagen ATL tissue lysis buffer and 50 µl Proteinase K, vortexed, and incubated at 55°C overnight. The following day, samples were centrifuged at 1200 × g for 5 min to allow the lysate to settle. The lysate was then transferred to a 1.5 ml microfuge tube. Microfuge tubes were heated to 100°C for 20 min. To prevent co-purification of RNA with genomic DNA, 20 µl RNase A (100 mg ml -1 , Qiagen) was added to each lysate and the mixture briefly vortexed. Lysates were then incubated at room temperature for 5 min. Extraction was conducted as per manufacturer's directions. DNA was stored in 1.5 ml microfuge tubes at 4°C or frozen at -35 or -80°C for later use.
Gills: Genomic DNA was extracted from all Arctic charr gill samples with histopathologic evidence of epitheliocystis inclusions. Fixed tissue was used for DNA extraction to provide continuity of histologic, ultrastructural and in situ hybridization data with amplified 16S rRNA genetic sequences. A 50 µm section was cut from each paraffin block of interest, and the tissue was deparaffinized with xylene, then washed with 100% ethanol. DNA was extracted using the Qiagen DNeasy tissue kit (Qiagen) according to the manufacturer's mouse-tail protocol, with several modifications. Tissues were lysed in 180 µl of tissue lysis buffer (ATL buffer, Qiagen) to which 50 µl of proteinase K was added, and then incubated at 55°C overnight. The next day, lysates were heated to 100°C for 20 min to facilitate the release of prokaryotic DNA. RNase A was added to each sample to prevent copurification of RNA. Column binding, washing, and elution of DNA were performed according to the manufacturer's instructions. DNA extractions were aliquoted, then stored at 4°C for immediate use or frozen at -35°or -80°C.
PCR and cloning. All DNA extractions from gill and water samples were tested for their ability to support amplification-based experiments by PCR using universal 18S rDNA primers (18e and 18i) (Hillis & Dixon 1991) to yield a 440 bp product, as described previously (Draghi et al. 2004) . Samples that amplified 18S rDNA were considered useable for 16S rRNA genebased PCR experiments.
Oligonucleotide primers to conserved sites flanking the signature region of the 16S rRNA gene of members of the Order Chlamydiales were used to amplify ã 300 bp fragment from the 5' end of the gene (16SIGF, 5'-CGG CGT GGA TGA GGC AT-3', and 16SIGR, 5'-TCA GTC CCA GTG TTG GC-3') (Everett et al. 1999) . Primers for all PCR experiments were synthesized by Invitrogen and rehydrated to a stock concentration of 100 pmol. All 16S rDNA PCR products were amplified in individual 50 µl reaction mixtures containing 100-150 ng of sample DNA, 5 µl of 10× Qiagen buffer (100 µM Tris-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin), 200 mM of dNTP, 20 pmol µl -1 of each primer, and 1 U of Qiagen HotStar Taq polymerase (Qiagen) using thermal cyclers (Perkin-Elmer Model 2400, Applied Biosystems). PCR conditions were as follows: 15 min incubation at 95°C, followed by 40 cycles of 30 s at 94°C, 40 s at 60°C, and 30 s at 72°C. A 7 min final extension step at 72°C was performed to extend any incomplete amplicons. Products were separated by electrophoresis in 1.5 to 2% agarose gels and visualized by ethidium bromide staining and UV transillumination. Images were recorded digitally using a Stratagene Eagle Eye II still video image capture system (Stratagene). All 16S rDNA PCR products were excised and purified from agarose gels (Zymoclean Gel DNA recovery kit, Zymo Research), and then submitted for direct sequencing (MWG Biotech).
PCR products from water samples with evidence of multiple templates, i.e. multiple chlamydiae or related 16S rDNA templates, were re-amplified using primers and protocols that were previously described for near full-length 16S rRNA gene amplification (Draghi et al. 2004) . Primers for this assay consisted of 16SIGF and 16SB1 5'-TCA GGY TAC CTT GTT ACG ACT T-3' (Fukatsu & Nikoh 1998). PCR products were purified and ligated into a plasmid vector (pCRII TOPO TA vector, Invitrogen) and cloned. At least 5 white colonies were selected, grown, and screened by PCR, and plasmid DNA was purified using the FastPlasmid mini kit (Eppendorf AG).
DNA sequencing and analysis. Nucleotide sequences of amplicons and cloned PCR products were generated by dideoxynucleotide chain termination DNA sequencing reactions using the signature sequence primers 16SIGF and 16SIGR (Everett et al. 1999) . Signature sequence composition was determined by assembling ABI sequence files of sense and anti-sense strands using Sequencher for Macintosh version 4.5 (Gene Codes). In the case of amplification products from gill samples with epitheliocystis, ABI trace files were base-called using phred (Ewing et al. 1998) , sequences assembled using phrap (www.phrap.org/), and assemblies evaluated using consed (Gordon et al. 1998) . Standard nucleotide-nucleotide sequence comparisons were made by conducting BLAST-n searches (Altschul et al. 1990 (Altschul et al. , 1997 of GenBank submissions to the National Center for Biotechnology Information database (www.ncbi.nlm.nih.gov) to determine se-quences with the highest identity to those amplified during the survey.
Accession of nucleotide sequences. Two 16S ribosomal RNA gene signature sequences with 99 and 100% nucleotide sequence identity to those of known sequences of 'Candidatus Piscichlamydia salmonis' were submitted to GenBank and were assigned the GenBank accession numbers GQ302987 and GQ302988, respectively. The third sequence was unique, demonstrating 91% nucleotide sequence identity with an uncultured bacterium clone FW 1023-035 (EF693276), and was submitted to GenBank and assigned the accession number FJ168566.
In situ hybridization using riboprobes. In situ hybridization (ISH) was accomplished using riboprobes that were generated by in vitro transcription of the cloned 1.5 kb 16S rRNA gene sequence amplified from Atlantic salmon gills infected with 'Candidatus Piscichlamydia salmonis' (AY462244) (Draghi et al. 2004 ). The transcription protocol was based on protocols that were previously described by Brown (1998) and Draghi et al. (2004 Draghi et al. ( , 2007 , using a dual promoter transcription vector (pCRII TOPO Vector, Invitrogen) and a high-yield transcription kit (Ampliscribe Sp6/T7, Epicentre Biotechnologies) in combination with 10× digoxigenin-labeled nucleotide mix (Roche Applied Science). To serve as a nonhomologous sequence control riboprobe, the T7 control template (Epicentre Biotechnologies), which is a ~1.4 kb lambda DNA template, was transcribed in identical fashion. Concentrations of transcribed riboprobe were estimated by dot blot analysis.
Riboprobes were used in non-isotopic in situ hybridization experiments based on procedures described by Gan et al. (1994) , Brown (1998) and Draghi et al. (2004 Draghi et al. ( , 2007 . Gill sections stained with H&E were examined by light microscopy for number and distribution of inclusions, and successive serial tissue sections (4 µm) were mounted unstained on charged glass slides. Sections were heated to 70°C for 20 min, deparaffinized in three 3 min washes of xylene, and rehydrated for 15 min at room temperature (RT); sections were then digested with 10 ng µl -1 of proteinase K at 37°C for 10 min, and covered with pre-hybridization solution (Ambion) for 1.5 h at 42°C. Slides were then heated to 95°C for 5 min to denature target DNA and RNA, covered with ~100 µl of hybridization solution (50 ng digoxigenin-labeled riboprobe (100 µl) -1 pre-hybridization solution, Applied Biosystems/Ambion) per slide, coverslipped, overlaid with parafilm, and allowed to hybridize overnight at 42°C in a humidified slide moat (Fisher Scientific). After hybridization, slides were washed in 4× saline sodium citrate (SSC), then in 2× SSC with 1% sodium dodecyl sulphate (SDS) at 55°C for 20 min, followed by 1× SSC with 0.1% SDS at 50°C for 20 min, 1× SSC for 10 min at RT and 0.1× SSC for 15 min at RT. Hybridization signals were developed by washing sections in buffer I (0.1 M Tris, 0.15 M NaCl, pH 7.5) for 5 min, then incubating sections for 2 h at 37°C in a humidified chamber with 100-200 µl of buffer I containing 2% sheep serum and anti-digoxigenin Fab fragments conjugated to alkaline phosphatase at 1:250 dilution (Roche Applied Science). Slides received one 15 min wash in buffer I, and were then washed twice in Tris buffered saline Tween (TBST) (0.15 M NaCl, 2.7 mM KCl, 25 mM Tris, 0.05% Tween 20, pH 7.6) for 5 min. Chromogenic signals were developed using the Dako Cytomation liquid permanent red substrate system (Dako Cytomation) with tetramasole (Sigma) to quench endogenous alkaline phosphatase activity. Slides were counterstained and coverslipped according to manufacturer instructions (Dako Cytomation).
RESULTS

Farms, fish and water
A total of 607 fish from 13 farms (5 USA, 8 Canada) and 45 water samples from fish farms and nonfarm sources were collected. A total of 22 water samples were from surface water (e.g. stream, river, or culture system), 22 from a ground water source (well or spring), and 1 was municipal. One farm in Canada, which was supplied by well water, reported a history of gill disease consistent with epitheliocystis. Five farms reported a prior history of gill disease that was associated with poor water quality or parasite infestation, but not of a bacterial etiology.
Epitheliocystis
Histopathology
Histologic sections of gill samples from 607 Arctic charr were reviewed by light microscopy. Sections from 18 charr had bacterial inclusions that were consistent with those of epitheliocystis (Wolke et al. 1970 , Rourke et al. 1984 , Nylund et al. 1998 , Draghi et al. 2004 , 2007 , Nowak & LaPatra 2006 , accompanied by proliferative and inflammatory lesions. The 18 fish with bacterial inclusions were from the farm in Canada with a history of epitheliocystis. A total of 25 fish were sampled from this farm. Five fish were sampled from each of 5 tanks and had none to severe clinical signs of respiratory distress. Gross pathology consisted of swollen, mucous-covered gills and varied from minimal to severe. Histopathologic gill changes included multifocal to diffuse, basal to complete, interlamellar filling by hyperplastic epithelium, foci of lamellar fusion and epithelial bridging. An inflammatory infiltrate of neutrophils with increased numbers of intraepithelial eosinophilic granular cells was present (Fig. 1) . Inclusions were differentially stained by the Gimenez staining technique (Fig. 2) .
Transmission electron microscopy
Epitheliocystis inclusions were membrane-bound vacuoles within the cytoplasm of epithelial cells lining lamellae (Fig. 3A) . Vacuoles contained reticulate and intermediate bodies, which were spherical to elongate. Sizes ranged from 0.7 to 1.5 µm in length for elongate forms and 0.3 to 0.7 µm in diameter for spherical forms. An amorphous, osmiophilic, fibrillar, extracellular matrix surrounded reticulate and intermediate bodies (Fig. 3B) . No inclusions were identified in cells other than epithelial cells. No other infectious agents, such as virus particles, were identified in the examined lamellar epithelial cells.
DNA sequencing and analysis
All 18 gills that were tested using PCR protocols targeting 18S rDNA and the signature sequence region of the 16S rRNA gene of the Chlamydiales (Everett et al. 1999 ) amplified host 18S rDNA; 13 of these 18 samples yielded 16S rRNA genetic sequence data. All 13 16S rDNA amplicons were obtained from Arctic charr gill samples with histological and ultrastructural evidence of epitheliocystis inclusions. Twelve of the 13 16S rDNA amplicons were represented by 1 of 2 sequences (GenBank accession numbers GQ302987 and GQ302988) that were nearly identical (GQ302987) or identical (GQ302988) to signature regions of known sequences classified as 'Candidatus Piscichlamydia salmonis' in GenBank (as exemplified in accession number AY462244). Ten of these 12 amplicon sequences differed from the 16S rDNA signature region sequence of 'Candidatus Piscichlamydia salmonis' by a single base (G) at position 143 of the amplicon (position 126 of GenBank accession number GQ302987). The other 2 of the 12 amplicon sequences (GQ302988) were identical to the 16S rDNA signature region sequence of 'Candidatus Piscichlamydia salmonis'. The thirteenth amplicon represented a third, and unique,16S rDNA signature region sequence (GenBank accession number FJ168566) that had > 80% nucleotide identity to members of the Chlamydiales and was most similar to an uncultured bacterium clone FW 1023-035 (GenBank accession no. EF693276, 91% nucleotide identity).
In situ hybridization
Epitheliocystis inclusions in branchial epithelium of gills that amplified the 'Candidatus Piscichlamydia salmonis' 16S rRNA gene signature region sequence and provided ultrastructural evidence of the presence of a chlamydia were specifically labeled with thẽ 1.5 kb riboprobe that was transcribed from the 'Candidatus Piscichlamydia salmonis' 16S rRNA genetic sequence (AY462244). Inclusions in histologic sections of the same gill samples that were incubated with the nonhomologous probe or with no probe were free of labeling (Fig. 4) .
Water samples
DNA sequencing and analysis
Nine water samples from 8 locations yielded 10 sequences with no evidence of multiple templates. Seventeen water samples from 9 farms and 3 nonproduction sites had evidence of multiple templates (5 source, 7 effluent and 5 culture water); thus, the PCR products of these samples were cloned. The presence of inserts was confirmed by PCR prior to sequencing in all instances. A total of 18 water samples failed to amplify any 16S rRNA gene signature region sequences (13 source, 4 effluent and 1 culture water sample) and, hence, were not studied further. Two water samples that were taken from the well water source and from a clinically affected tank were from the aquaculture facility that submitted fish with gross gill pathology, histopathological evidence of epitheliocystis, and molecular evidence that epitheliocystis inclusions were associated with 'Candidatus Piscichlamydia salmonis'. No 16S rRNA gene signature sequences were amplified from these 2 samples.
Clone sequencing A total of 86 clones from water samples with multiple templates were sequenced in the forward and reverse directions, with at least 4 clones being sequenced from each PCR. To date, a number of 16S rRNA genetic sequences from chlamydiae have been identified as being associated with epitheliocystis, e.g. 'Candidatus Piscichlamydia salmonis' (AY462244), Neochlamydia spp. (AY225593, AY225594), 'Candidatus Clavochlamydia salmonicola' (DQ011662 or EF577392), and those identified by Meijer et al. (2006) including CRG 18 (AY013394), CRG 20 (AY013396) and CRG 98 (AY013474). BLAST-n search analysis showed that none of the sequences that are currently associated with epitheliocystis were identified from among the 16S rRNA genetic sequences amplified from the water samples of the present study.
DISCUSSION
Eighteen Arctic charr from 1 farm in Canada had chlamydial inclusions that were indicative of epitheliocystis together with proliferative and inflammatory gill lesions. This farm had reported a history of epitheliocystis that was thought to be of chlamydial etiology. Proliferative gill lesions were histologically similar to those reported in previous studies of Arctic charr (Draghi et al. 2007 ); however, co-infection by other Scale bars = 10 um infectious agents cannot be discounted. Nowak & LaPatra (2006) provide a detailed summary of the variety of co-infections that are reported in epitheliocystis, and while certain of these co-infections may have been identifiable in these 18 Arctic charr using light microscopy alone (e.g. Trichodina sp. or certain other protozoans), no specific testing was performed for many of these co-infecting agents (e.g. paramyxovirus or poxvirus). Inflammatory cell infiltrates, consisting of macrophages in Atlantic salmon (Nylund et al. 1998 , Draghi et al. 2004 ) and macrophages and eosinophils in the sea bream Sparus aurata L. (Paperna 1977) , have been reported in association with epitheliocystis. The cellular infiltrate of eosinophilic granular cells and neutrophils in these Arctic charr is different from that reported in other fish hosts. While this cellular infiltrate could be a response to an undetected co-infection, it could also be a temporal and/or species variation in the inflammatory response associated with epitheliocystis. The Gimenez histochemical technique differentially stained chlamydial inclusions in gill sections from the 18 fish discussed above, and TEM revealed that these inclusions contained reticulate and intermediate bodies in an extracellular matrix; these descriptions are similar to those by Draghi et al. (2007) of the ultrastructural features of epitheliocystis inclusions in Arctic charr. Inclusions with this morphology are typical of chlamydia and not rickettsia (Avakyan & Popov 1984 , Dumler et al. 2001 , Dumler & Walker 2005 . However, unlike previous studies involving epitheliocystis in Arctic charr wherein molecular analysis indicated infection by a Neochlamydia sp. (Draghi et al. 2007 ), molecular analyses of these 18 Arctic charr yielded chlamydial sequences that were identical (GQ302988) or nearly identical (GQ302987) to known sequences of 'Candidatus Piscichlamydia salmonis' (a chlamydia which had previously been associated with epitheliocystis in farmed Atlantic salmon, Salmo salar; Draghi et al. 2004 ). Ã 1.5 kb riboprobe transcribed from the 16S rRNA gene of 'Candidatus Piscichlamydia salmonis' labeled epitheliocystis inclusions in gills of these infected charr in subsequent in situ hybridization experiments, providing further evidence that the epitheliocystis inclusions identified in histologic sections of gills were the source of the 16S rRNA signature region sequence amplified from infected charr. This is the first evidence of 'Candidatus Piscichlamydia salmonis' in epitheliocystis inclusions of Arctic charr. 'Candidatus Piscichlamydia salmonis' is the second bacterium of the Chlamydiae that has been found to be associated with epitheliocystis in Arctic charr, the previous one being a Neochlamydia sp. (Draghi et al. 2007 ). Prior reports have suggested that species of chlamydia may be host-specific (Meijer et al. 2006) . These results suggest otherwise and also provide evidence that 'Candidatus Piscichlamydia salmonis' can infect at least 1 salmonid host (e.g. Arctic charr) under freshwater conditions.
The ultrastructural morphology of the chlamydial inclusions in the studied charr was similar to that previously reported in charr infected with a Neochlamydia sp., particularly with respect to the presence of an osmiophilic fibrillar extracellular matrix between reticulate bodies within the inclusion proper (Draghi et al. 2007 ). In contrast, such an extracellular matrix was not present in the inclusions of 'Candidatus Piscichlamydia salmonis' in Atlantic salmon, although scant loose fibrillar material was present between reticulate bodies within inclusions (Draghi et al. 2004) . Reasons for these differences in inclusion morphology may be related to the growth phase and maturity of the inclusion at the time of sampling, to environmental factors such as salinity and temperature, or to yet undetermined elements of the host -bacterium interaction that may contribute to inclusion formation. For example, the Atlantic salmon which were host to 'Candidatus Piscichlamydia salmonis' resided in marine net-pens, whereas affected Arctic charr in this study were raised in freshwater. Moreover, the genetic diversity of 'Candidatus Piscichlamydia salmonis' and its relatives is unknown and could account for variations in such phenotypic features as inclusion formation and host range. Due to the differing methods of tissue preparation used in the present study and Draghi et al. (2007) , one should interpret these similarities with caution since some substances (e.g. lipids) were removed by the paraffin embedding process prior to preparation for TEM.
Ten of the 12 16S PCR product sequences from charr gills with epitheliocystis had a single base substitution (A -> G) at position 126 that distinguished this sequence from that of other 16S rDNA signature region sequences of 'Candidatus Piscichlamydia salmonis', e.g. AY462244. Since this base substitution was a consistent finding in 10 different PCRs from 10 separate gill samples from 10 charr, it seems reasonable to assert that this could represent a sequence variant in 'Candidatus Piscichlamydia salmonis'. As the level of genetic diversity in 'Candidatus Piscichlamydia salmonis' is unknown, identification of sequence variants such as this one could provide insight into the level of sequence variation in geographically distant isolates, which could have relevance to molecular phylogenetic studies or to attempts to develop molecular probes for detection of 'Candidatus Piscichlamydia salmonis'.
A unique chlamydia-like sequence (FJ168566) was amplified from a single fish with epitheliocystis inclusions; this sequence had > 80% nucleotide identity with sequences of members of the Order Chlamydiales, but was < 92% identical to any known chlamydial sequence, suggesting that this is a novel chlamydialike sequence. This chlamydial sequence has yet to be associated with epitheliocystis in any fish species and may represent yet another chlamydia associated with epitheliocystis. Further molecular studies using techniques such as in situ hybridization are required to confirm this observation and to characterize the occurrence of this sequence. Nevertheless, identification of this unique sequence along with sequences GQ302987 and GQ302988 from charr at the studied location is the first evidence suggesting the presence of multiple chlamydial species associated with epitheliocystis during an outbreak of the disease.
The water-borne life stages of chlamydiae associated with epitheliocystis may not be readily detectable by broadly applied PCR assays, perhaps because these chlamydiae may not be the most prevalent environmental chlamydiae or are no longer in the water column at the time of testing. Nonetheless, to date, 'Candidatus Piscichlamydia salmonis' has been identified in samples from distant geographic locations, e.g. Ireland, Norway and now North America. The results of this study and Draghi et al. (2004) suggest that 'Candidatus Piscichlamydia salmonis' is an important pathogen of at least 2 commercially relevant species of salmonids and is capable of causing infection in freshwater and marine environments. Furthermore, it seems that the chlamydiae associated with epitheliocystis may not be host-specific. These chlamydia may even appear to be morphologically different when examined by histochemical and ultrastructural means in different hosts. Moreover, there may be one or more sequence variants among the chlamydia associated with epitheliocystis within a population during a given infection, further emphasizing the importance of molecular characterizations of the chlamydia associated with epitheliocystis. The identification of a unique sequence (FJ168566) from a gill specimen with epitheliocystis inclusions represents yet another chlamydia associated with epitheliocystis. In light of successful treatment of cultured largemouth bass for epitheliocystis (Goodwin et al. 2005) , efforts to develop environmental monitoring systems or diagnostic assays targeted toward specific detection of chlamydiae associated with epitheliocystis are warranted for both freshwater and marine production scenarios. 
